phox . This was in agreement with the finding that a single base substitution (C1024 to T) changed His-338 to Tyr in gp91 phox in a predicted FAD-binding domain of the flavocytochrome model. The loss of FAD could not be corrected even after addition of reagent FAD or a FADrich dehydrogenase fraction isolated from normal neutrophils to the patient's membranes, in a reconstitution in vitro with normal cytosol. These results indicate that His-338 is a very critical residue for FAD incorporation into the NADPH oxidase system. This is the first such mutation found in CGD.
The respiratory burst of phagocytes for production of reactive oxygen intermediates is an important participant in host defense. Activation of the responsible enzyme, NADPH oxidase, requires the assembly of a membrane-integrated cytochrome b 558 (a heterodimer formed by gp91 phox and p22 phox ) with cytosolic components p47 phox and p67 phox under control of the small GTP-binding protein Rac (for reviews, see Refs. [1] [2] [3] . Recently, we and others found a third phox-protein, p40
phox , which forms a complex unit with p67
phox (4 -6) . Defects in the components excepting Rac and p40 phox are so far responsible for chronic granulomatous disease (CGD), 1 a hereditary syndrome characterized by life-threatening recurrent infections and chronic inflammation with granuloma formation. The most common form of CGD is X-linked, which is caused by mutations in the gene encoding gp91
phox . Mutations in other oxidase components are all autosomal forms (genes of p22 phox , p47 phox , and p67 phox ; for review, see Ref. 7 ). Cytochrome b 558 , the redox center of the NADPH oxidase (8) , is thought to contain at least two hemes (9, 10) of low spin (11) (12) (13) , each coordinated by two histidines in the resting state (14) . This hexacoordinated state seems to change to a pentacoordinated form upon the activation of the NADPH oxidase (15) , allowing oxygen to access and then to be reduced to superoxide anion (O 2 . ). There have been some speculations on axial histidine ligands based on the analysis of mutations occurring in CGD patients whose neutrophils are devoid of heme (7, 16) or present an abnormal heme spectrum (10) , as well as by comparison of amino acid sequences with other b-type cytochromes (17, 18) . From these studies, hemes were supposed to be either within gp91 phox alone (17) or distributed in both subunits with a possible sharing between gp91 phox and p22 phox (9, 18) , involving the invariable His-94 in the latter. However, most of the mutations occurring in candidate His residues for axial ligation to hemes in gp91 phox (His-101, -209, and -222) lead to complete absence of cytochrome b 558 protein and of heme(s) (7, 16) . Thus, the sites of axial histidine ligands to the heme(s) are not definitely identified. gp91 phox is also considered to contain redox centers for both NADPH (19 -21) and FAD (22) (23) (24) . This flavocytochrome concept was first based on the similarities between the amino acid sequences of gp91 phox and flavoproteins of the ferredoxin-NADP ϩ reductase (FNR) family (19, 25, 26) . However, mutations that directly evidence the function of gp91 phox in FAD binding are not reported.
We found an X-linked CGD patient whose neutrophils peculiarly expressed cytochrome b 558 containing heme, with a diminished amount of gp91 phox protein but a relatively high level of p22 phox . Strikingly, this patient was entirely depleted of FAD in his neutrophil membranes. Analysis of cDNA revealed the mutation of His-338 to Tyr in his gp91 phox , which resided in a domain predicted to be directly interacting with FAD in the flavocytochrome model (27) . This motif, His 338 ProPheThr (HPFT) is strictly conserved in porcine (28) and mouse gp91 phox (29) and in a group of ferric reductases in yeast (17) , with which gp91 phox shares also a hypothetical bis-heme motif proposed on the basis of their high homology. Our results suggest that His-338 locates in a critical site for the function of cytochrome b 558 , mostly for FAD binding and successive electron transfer ability, but not interaction with cytosolic factors.
EXPERIMENTAL PROCEDURES

Materials-Cytochrome c
, nitro blue tetrazolium (NBT, 2,2Ј-di-p-nitrophenyl-5,5Ј-diphenyl-3,3Ј-[3,3Ј-dimethoxy-4,4Ј-diphenylene]ditetrazolium chloride), myristic acid (sodium salt), phosphodiesterase (Crotalus atrox venom type VII), protease inhibitors, and RNase A were from Sigma; prestained molecular weight markers for Western blotting were from Bio-Rad; markers for agarose gel electrophoresis were from Nippon Gene (Tokyo); restriction enzymes were from Boehringer Mannheim; CM-and heparinSepharose CL-6B were from Amersham Pharmacia Biotech. Luciferase (Vibrio fischerii), from Worthington Biochemical Co. (Freehold, NJ), was used after passage through a desalting column (Econo-Pac10DG, Bio-Rad), pre-equilibrated with 0.1 M sodium/potassium phosphate buffer, pH 6.8. All other reagents used were of analytical grade.
X-CGD Patients-X91 0 patients involved in this study were diagnosed by us for inability of their granulocytes to produce O 2 . as well as complete absence of both cytochrome b 558 subunits on immunoblots. Patient IY, a 2-year-old boy born to unrelated healthy parents, was different from those patients because although incapable of O 2 . generation, his neutrophils presented considerable amounts of gp91 phox on immunoblots (see below). His mother and elder sister were identified as typical carriers to show roughly half of activities of normal subjects on NBT slide tests and by O 2 . generation assay. The NADPH oxidase activities were determined as previously reported (30) . Cell Preparations-Heparinized blood was drawn from normal volunteers and CGD patients with informed consents, subjected to sequential Ficoll-Paque differential density centrifugation followed by 0.2% (w/v) methyl cellulose sedimentation, and finally suspended in phosphate-buffered saline containing 5 mM glucose (PBSG, pH 7.4; Ref. 30 ). Mononuclear cells isolated by Ficoll-Paque sedimentation were transformed with Epstein-Barr virus (EBV)-containing supernatant from B95-8 marmoset cell line (31) . The mononuclear cells themselves as well as the EBV-transformed B lymphocytes were used for extraction of total RNA, and neutrophils for biochemical studies. When mentioned, neutrophils were also prepared from buffy coat residues.
Immunoblot Analysis of NADPH Oxidase Components-Neutrophils were treated with 2 mM diisopropyl fluorophosphate for 15 min on ice, washed twice with PBSG, and resuspended at 1 ϫ 10 8 /ml in buffer A (10 mM Pipes, pH 7.3, 100 mM KCl, 3 mM NaCl, and 3.5 mM MgCl 2 ) containing 10 M leupeptin and 1 mM phenylmethylsulfonyl fluoride. Post-nuclear supernatants, obtained after cell fractionation according to Ref. 30 , were subjected to SDS-PAGE and transferred to polyvinylidene difluoride (PVDF) microporous membranes before immunoprobing with appropriate dilutions of primary antibodies raised in rabbits against synthetic polypeptides of gp91 phox , p67 phox , p47 phox , p22 phox , and p40 phox as previously reported (30, 32) . Specifically, the antiserum against gp91
phox was obtained by injection of KLH-conjugated polypeptide of its C terminus (residues 554 -570). Immunoreactive proteins were visualized with a secondary horseradish peroxidase-conjugated swine anti-rabbit Ig (Dakopatts) followed by o-dianisidine color reaction. Cytochrome b 558 subunits were quantified by densitometry of PVDF sheets on a pdi 420 oe™ scanner (Arcus II, pdi, NY).
Evaluation of expression of cytochrome b 558 subunits in patient IY was also performed with membranes, obtained by ultra-centrifugation of post-nuclear supernatants at 125,000 ϫ g for 30 min at 4°C (TLA45, Beckman). Membranes were previously analyzed for their heme contents as described below, before SDS-PAGE/immunoblot, and subunits were revealed by use of 125 I-labeled specific F(abЈ) 2 fragment against rabbit Ig (Amersham Life Science) as a second antibody. The radioactive bands were quantified after exposure to bioimaging plates, which were developed in a bioimage analyzer (Fuji BAS 2000, Fuji Photofilm Corp., Tokyo). The photostimulative luminescence (PSL) counts for normal gp91
phox and p22 phox were plotted against the heme contents applied in each lane to obtain respective standard curves (Fig. 3) .
Deglycosylation of gp91 phox -The amount of core protein was analyzed after deglycosylation of all N-linked carbohydrates from gp91 phox with peptide:N-glycosidase F (PNGase F; New England BioLabs), according to the manufacturer's protocol. Denatured membranes (0.5 ϫ 10 6 CE) were incubated with 100 units of PNGase F for 90 min at 37°C, before SDS-PAGE and followed by immunoblot analysis with antigp91 phox antiserum. Mutation Analysis-Total RNA was isolated from either mononuclear cells or EBV-transformed B lymphocytes of patient IY as well as normal subjects, by extraction with guanidinium thiocyanate followed by phenol-chloroform extraction (33) . First strand cDNA synthesis was performed by adding 200 units of Superscript II RNase H Ϫ Reverse Transcriptase (Life Technologies, Inc.) to 3 g of total RNA in 20 l of reaction mixture (20 mM Tris-HCl, pH 8.4, 50 mM KCl, 2.5 mM MgCl 2 , 10 mM dithiothreitol, and 0.5 mM dNTPs), supplemented with either oligo(dT) [12] [13] [14] [15] [16] [17] [18] (0.5 g) or random hexamers (50 ng), as recommended by the manufacturer. Then, the gp91 phox cDNA covering nucleotides 6 to 1746 (numbering according to Ref. 34) was amplified by polymerase chain reaction in three overlapping fragments, using the following forward/reverse primer sets (Life Technologies, Inc.) modified from a previous report (35) : 5Ј-TGCCACCATGGGGAACTGGGCTGTGAAT-GAG-3Ј and 5Ј-GTACCAAAAGACTTCAAAGTAAGACCTCCGGATG-3Ј (nucleotides 6 -633); 5Ј-TGTTGGCAGGCATCACTGGAGTTGTCAT-CACGC-3Ј and 5Ј-GAACACATCTTCACTGGCAGTGCCAAAGGGCCC-ATC-3Ј (nucleotides 530 -1209); 5Ј-ATAAGCAGGAGTTTCAAGAT-3Ј and 5Ј-TTTCCTCATGGAAGAGACAAG-3Ј (nucleotides 1127-1746). The reaction mixtures contained 3-5 l of the first strand cDNA products, 1 M of each primer set, 200 M dNTPs, and 2.5 units of Takara Ex Taq polymerase in polymerase chain reaction buffer (Takara Biomedicals, Osaka). The cycling conditions were as follows: 30 cycles of 93°C for 30 s, 60°C for 1 min, and PCR™II 72°C for 2 min, followed by a 5-min extension at 72°C. These DNA fragments were cloned into PCRII (TA cloning kit, Invitrogen), essentially as described by the manufacturer, and selected. The resulting DNAs from individual clones were Mutation at His-338 of gp91 phox Leads to FAD Depletionsequenced by cycle sequencing using Thermo Sequenase fluorescentlabeled primer kit with 7-deaza-d GTP (Amersham Life Science), performed on ALF Express™ sequencer (Pharmacia Biotech). Fragments were read from both sides using M13(Ϫ40) and M13 reverse primers (Pharmacia Biotech). DNA extraction and cloning were done by standard methods described in Ref. 36 . Amino acid or nucleotide sequence homology search was performed on Genetyx-Mac/CD (version 7.3, Software Development Co., Tokyo). Spectral Analysis of Cytochrome b 558 -Neutrophils in PBSG were carefully treated with eight consecutive bubblings of standard CO gas (99.9% pure, Nippon Sanso, Tokyo) in a narrow, black quartz cuvette (4 ϫ 10 mm) to eliminate the interference of traces of hemoglobin before scanning of cytochrome b 558 . Spectra were stored in the computer of a Hitachi 557 spectrophotometer. Reduced minus oxidized spectra were recorded at different times after addition of a few crystals of sodium dithionite. A molar extinction coefficient of ⑀ 558 -540 nm ϭ 21.6 mM Ϫ1 cm Ϫ1 (37) for the alpha band and that of ⑀ 426 -410 nm ϭ 200 mM Ϫ1 cm
Ϫ1
(38) for the Soret band were used for calculations. The heme contents of membranes were determined after CO treatment by dithionite difference spectra as above, excepting that 0.2% (v/v) Triton X-100 was added 5 min previous to recordings. Heme was quantified by the Soret absorption.
Determination of Flavin Content in Membranes-Membranes (see "Immunoblot Analysis") were resuspended in five initial volumes with chemiluminescence (CL) buffer consisting of 50 mM sodium/potassium phosphate buffer, pH 6.8, supplemented with 1 mM phenylmethylsulfonyl fluoride and 10 M leupeptin, and repelleted. These washed membranes were then suspended in the same buffer and kept at Ϫ80°C until measurement of flavins. Total non-covalently bound flavins (FAD plus FMN) were measured by the luciferase CL method (39) . Heatliberated FAD was measured after its hydrolysis to FMN by incubation with phosphodiesterase (0.5 mU in 100 l of 50 mM borate/NaOH buffer, pH 8.6) at room temperature, of which aliquots taken at 6.5 min and 12 min after enzyme addition were then subjected to CL reaction. The CL reaction mixture (0.5 ml) consisted of 70 M 2-mercaptoethanol, 50 M n-decylaldehyde, and 100 M NADH in CL buffer. Luciferase was added at last, and the CL counts were monitored at 30°C on a Biolumat LC 9500C luminometer (Berthold Japan, Tokyo) coupled to a computer.
FIG. 2.
Reduced minus oxidized difference spectra of neutrophils. Neutrophils (8.6 ϫ 10 6 cells) were pretreated with CO gas as described under "Experimental Procedures" before scanning of their oxidized spectra in the 400 -600 nm range. The reduced spectra were measured twice at 2.5 and 6 min after the addition of dithionite to ensure the complete reduction of cytochrome b 558 . The reduced minus oxidized spectra after 6 min are shown for a normal donor, patient IY, and a X91 0 patient, respectively, from the top. 
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A standard curve in the range of 0.1 to 50 pmol of FMN was obtained plotting integrated CL counts within the interval of 30 to 150 s. The amount of FAD in samples as small as 4.5 ϫ 10 5 cell-equivalent (CE) of membranes could be measured by this method and presented after subtraction of FMN (39) . Protein was determined according to the method of Lowry, using bovine serum albumin as a standard.
Analysis of Cell-free Translocation-This was carried out according to Ref. 40 . Briefly, membranes were mixed with normal cytosol obtained from buffy coats as previously reported (30) and activated with 100 M SDS in the presence of 10 M GTP␥S in a total volume of 1.6 ml of activation buffer (65 mM sodium-phosphate buffer, pH 7, containing 1.2 mM MgCl 2 , 1 mM EGTA, and 2 mM sodium azide). After a 10-min incubation at room temperature, the mixtures were loaded on a discontinuous sucrose gradient (1 ml each of 20% over 45%) in activation buffer. The membrane fraction at interface (0.6 ml) was recovered, precipitated with 10% (w/v) trichloroacetic acid, then resuspended in a sample buffer containing 5% SDS and 100 mM dithiothreitol, and boiled for 5 min at 100°C. The translocation of cytosolic factors was evaluated by SDS-PAGE (10% gel) plus immunoblotting. Presence of cytochrome b 558 was probed with anti-p22 phox antibody. Reconstitution Studies-The electron transfer ability of the patient's cytochrome b 558 in neutrophil membranes was examined in a cell-free assay with normal cytosol. When mentioned, membranes were preincubated with either reagent FAD or an NBT-reductase fraction at flavin/cytochrome b 558 heme ratios of 5:1 (see Table V ). The NBTreductase fraction, a flow-through FAD-rich fraction of heparin-Sepharose CL-6B column, was isolated starting from 1 ϫ 10 9 normal human neutrophils, according to Ref. 41 , using CM-instead of DEAE-Sepharose before the heparin-Sepharose column. The FAD content in the NBT-reductase fraction was determined by the above CL method.
For in vitro activation, the above reconstituted membranes with either reagent FAD or the NBT-reductase fraction were mixed with 150 g of cytosol and 2.5 M GTP␥S in up to 100 l of activation buffer and stimulated with 50 M myristic acid (in 50% v/v ethanol) for 5 min at room temperature. These membranes were then soon added to 0.7 ml of activation buffer supplemented with 120 M NADPH and the oxidation of NADPH was measured by the decrease in the absorbance at 340 nm (⑀ ϭ 6.2 mM Ϫ1 cm
Ϫ1
). In assays where INT (50 M) was included as an electron acceptor (42), activation was carried out under low oxygen by mineral oil cover and inclusion of 50 mM glucose plus 1.25 units/ml glucose oxidase. INT reduction was followed at 500 nm (⑀ 500 nm ϭ 11.0 mM Ϫ1 cm
).
RESULTS
O 2 . Generation and Expression of Cytochrome b 338 Subunits-
Patient IY was suspected to be a case of X-linked CGD due to negative staining of his granulocytes on an NBT-slide test in which his mother and sister presented a typical carrier pattern (not shown). This was confirmed by the cytochrome c reduction assay, when the patient's neutrophils entirely failed to produce O 2 . and those of his sister's presented about half of the activity of normal subjects (Table I ). An indication that the defect was in a membrane component was supported by an absolutely normal expression of the cytosolic factors (Fig. 1B) . Mutations in X-linked CGD usually lead to no expression of gp91 phox protein due to instability of its mRNA and/or protein, as shown in X91 0 patients who completely lack this subunit (Fig. 1A, lanes 1 and 2) . In contrast, neutrophils of patient IY expressed residual gp91 phox (22% of control, by densitometry), characterized by a stronger appearance of high molecular species of the broad range of glycosylated proteins than low ones (Fig. 1A, lane 3) . Although very diminished, they originated the same ϳ55-kDa gp91 core proteins after deglycosylation of Nlinked carbohydrates with PNGase F (Fig. 1C, lane 4) also seen in his sister (lane 3) and in normal individuals (lanes 1 and 2) .
Genetic defects in either gp91 phox or p22 phox usually result in markedly decreased levels of the unaffected subunit, since the formation of gp91 phox -p22 phox heterodimer is important for the intracellular stability of each one. Being consistent with this observation, p22 phox in patient IY's neutrophils was expressed at 57% of control (Fig. 1A, lane 3) , a significantly higher level than the around 15% of control present in X91 0 patients (lanes  1 and 2) . However, given the 1:1 stoichiometry of p22 phox and gp91 phox (43) , quite more p22 phox was present than one would expect judging from amounts of gp91 phox on blots. This was further investigated as follows.
Analyses of Amounts of Cytochrome b 558
Subunits and Heme-Difference absorption spectra of cytochrome b 558 of intact normal neutrophils showed mainly an alpha band at 558 nm and a Soret peak at 426 nm (Fig. 2) . At first glance, neutrophils of patient IY seemed not to show the specific absorption at 558 nm, and we thought that his cytochrome b 558 was expressed in an apo-form devoid of heme. However, when his spectrum was compared with that of an X91 0 patient, we noted that the Soret absorption was higher than such a background. No clearly visible shifts in maximum absorption could be observed on oxidized and reduced spectra (not shown). An attempt to quantify the heme content in neutrophils showed around one-third the level found in normal individuals on Soret absorption basis and around one-fourth on alpha region, although this tiny peak was difficult to evaluate (Table II) . This was about half the heme present in his sister's cells.
To investigate whether such heme contents were compatible with levels of expressed cytochrome b 558 , we further tried to deduce how much heme it would be expected from the amounts of both subunits on blots probed with 125 I-labeled anti-rabbit Ig. First, a standard curve was obtained with normal mem- 
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branes, plotting PSL counts from respective subunits versus applied heme contents, previously determined by spectral analysis. The curve of gp91 phox was linear in the interval of 0 to 1.5 pmol of heme Soret, but that of p22 phox became saturated over 0.5 pmol of heme (Fig. 3A) . Concomitantly analyzed, IY's membranes (Fig. 3B, lane 3) again presented quite more p22 phox relative to gp91 phox , confirming results seen in Fig. 1A . Loading of 0.75-pmol heme of each membranes gave grossly similar intensities of p22 phox bands in normal, IY's sister, and IY (Fig.  3B, lower panel, lanes 1-3) , but a remarkably reduced gp91 phox in IY (Fig. 3B, upper panel, lane 3) . Converting the PSL counts of his gp91 phox and p22 phox into heme on respective curves in A revealed that, although protein expression of p22 phox (0.61 pmol of heme) was in good agreement with an expected NADPH oxidase-related net heme of 0.63 pmol (calculated considering 16.5% of heme Soret as a background; see Table IV) , that of gp91 phox was disproportionally low (only 0.16 pmol of heme). Thus, the patient is a very peculiar case, in which gp91 phox is diminished, but residual cytochrome b 558 still harbors heme.
Mutation Analysis of the Patient's Cytochrome b 558 -The gp91
phox mRNA of patient IY, derived from either his mononuclear cells or EBV-transformed B lymphocytes, was converted to cDNA and amplified in three overlapping fragments. Electrophoresis on agarose gels showed that the amplified fragments from the patient had the expected normal sizes seen in samples of normal cells (not shown). Sequence analyses of clones selected for the presence of correct size inserts from independent amplifications demonstrated a missense mutation at nucleotide 1024 (C to T), resulting in a non-conservative amino acid change, His-338 to Tyr in the middle fragment. This mutation was found in all clones obtained for this middle fragment (nine clones from EBV-transformed lymphocytes and three from mononuclear cells). No other mutations were found in fragments covering the N-(6 -633) and C-terminal (1127-1746) parts of gp91 phox . Because of the X-linked mode of inheritance shown by his mother and sister as well as a considerable expression of p22 phox on immunoblots (Figs. 1A and 3B ), its gene was not analyzed. Surprisingly, His-338 was localized in a region proposed to be interacting with FAD in the flavocytochrome model of gp91 phox (27) and a His never reported with implications in heme binding.
Depletion of FAD in Membranes-Therefore, we next assessed whether the FAD content in patient's membranes was affected. Table III shows FAD contents measured in neutrophil membranes after washing out contamination by cytosolic flavins. The FAD content greatly depended on presence of cytochrome b 558 , as shown by X91 0 patients, whose FAD was decreased to 35.2 Ϯ 7.3 pmol/mg protein (mean Ϯ S.D. of 7 patients), against 94.6 Ϯ 17.3 pmol/mg in 11 normal controls. Undoubtedly, the FAD content of patient IY's membranes obtained on two different occasions was as low as in X91 0 patients (mean 29.9 pmol/mg protein), regardless of his residual expression of gp91 phox . To make sure which of the cofactors was mostly affected, whether FAD or heme, we determined heme contents in the same membrane preparations. Total heme contents were calculated from the Soret peaks (Table IV) and were in good agreement with proportions observed in neutrophils (Table II) . When specific contents of heme and FAD in the patient were expressed without subtracting their respective backgrounds seen in X91 0 patients, both appeared similarly decreased to 30ϳ40% of controls. However, after such subtractions, FAD was almost absent in IY's membranes, although heme remained at one-fifth of normal values. The heme/FAD ratios, which were slightly decreased from a normal value of 2.0 before, jumped to 26 after the corrections, whereas a value near 3 was observed in normal and the sister's membranes. These results indicated a more severe depletion of FAD than of heme in the patient.
Cytosolic Factors Do Translocate to Membranes-Next, the ability of the patient's cytochrome b 558 to anchor cytosolic factors was estimated using an in vitro translocation system. Judging from similar recoveries of p22 phox between IY and normal samples (Fig. 4) , a normal translocation was observed with the patient's samples, showing that both p67 phox and p47 phox could firmly associate with cytochrome b 558 in response to SDS stimulation (lane 2). Thus, at least the minimum requirement for activation of the NADPH oxidase, anchoring of cytosolic factors to cytochrome b 558 , seemed fulfilled.
Reconstitution Studies in a Cell-free System-The remaining crucial question was whether the patient's cytochrome b 558, mutated at His-338 in the putative FAD-binding site, would   FIG. 4 . Cell-free translocation of cytosolic factors. Membranes from patient IY (157 g of protein) and a normal control (90 g), which contained similar amounts of p22 phox , were preincubated with normal cytosol (320 g) in the presence of 100 M SDS and 10 M GTP␥S as described under "Experimental Procedures." They were then separated on a discontinuous sucrose gradient (1 ml each of 20% over 45%), and the stacking proteins in the interface layer were recovered and subjected to SDS-PAGE and horseradish peroxidase-immunoblot analysis. Recovered membranes from patient IY and a normal donor with (lanes 2 and 4, respectively) and without (lanes 1 and 3) SDS stimulation are shown. Lane 5 shows recovered interface material of a membrane-free control containing only cytosol and SDS. The presence of p67 phox , p47 phox , and p22 phox was revealed by horseradish peroxidase-immunoblot analysis.
TABLE V Reconstitution of electron transfer activities in a cell-free system
Membranes were analyzed for their heme contents by dithionite difference spectra (Soret peak, ⑀ 426 -410 nm ϭ 200 mM Ϫ1 cm
Ϫ1
), diluted appropriately with activation buffer, and preincubated with reagent FAD, an NBT-reductase fraction, or both before activation in a cell-free system with 50 M myristic acid and 150 g of cytosol. Preincubation was performed with a FAD/cytochrome b 558 heme ratio of 5:1 overnight on ice (for details, see "Experimental Procedures"). NADPH oxidation and INT-reductase activities are presented after subtraction of backgrounds obtained with X91 0 membranes under the same conditions. ND, not done. NBT Mutation at His-338 of gp91 phox Leads to FAD Depletion 27883 come to transfer electrons if FAD was exogenously supplemented in a cell-free system. We examined this by adding reagent FAD or a FAD-rich NBT-reductase fraction, previously demonstrated to be obligatory to reconstitute the NADPH oxidase activity of purified cytochrome b 558 without added reagent FAD (41) . In this rationale, the NBT-reductase fraction providing flavoproteins with NADPH-(30) and flavin-binding sites would work like cytochrome P-450 reductase, bypassing electrons to heme(s) in cytochrome b 558 , rebuilding electron transfer machinery (41, (43) (44) (45) . This approach would indicate whether or not at least interaction with an exogenous dehydrogenase could be achieved and give indications on the patient's heme functional status. Reconstitution was performed pre-incubating IY's membranes at a FAD/heme ratio of 5, with reagent FAD, NBTreductase fraction, or both. The NBT-reductase fraction, containing 277 pmol FAD/mg protein composed of protein-bound and free FAD in a ratio of 3:7, was able to interact with normal cytochrome b 558 , enhancing NADPH oxidation more than 2-fold, and was more effective than FAD alone (Table V) . Further additions of FAD were not required, showing presence of enough FAD for reconstitution of flavin redox center(s) in the system. Under the same conditions, the patient's samples showed null rates, even with both the additions, which amounted to 10 nM free FAD and 2 nM protein-bound FAD from NBT-reductase. Similarly, reduction of INT, which probably accepts electrons from reduced FAD of the oxidase system (42), was undetectable in patient IY, confirming absence of a reducible FAD in his NADPH oxidase. The results show that electron transport cannot be reconstituted by any means.
DISCUSSION
Although visible on immunoblots, gp91 phox was very decreased in neutrophils of X-linked CGD patient IY (Figs. 1A  and 3B ). His amounts of gp91 phox and cytochrome b 558 heme (Fig. 2 , Table II ) were comparable with those from patients with a variant X91
Ϫ form of CGD, who typically manifest trace oxidase activities correlated to their heme contents (46) . However, the NADPH oxidase was completely nonfunctional in patient IY (Table I) so that his phenotype is in the category of X91°CGD in this respect.
Excluding the possibility that a single residue substitution would modify antigenic properties so drastically, thus assuming similar recognition of IY's gp91 phox by our antibody, as well as the observation of equally diminished amounts of gp91 phoxcore protein after deglycosylation (Fig. 1C) , it seems decrease of gp91 phox is a fact. On the other hand, p22 phox was not as diminished as gp91 phox (Figs. 1A and 3B ). Such an unparalleled expression of the two subunits of cytochrome b 558 suggests that gp91 phox is more unstable than p22 phox , owing to the mutation. The substitution of His-338 by Tyr identified in the patient's gp91 phox cDNA seemed not to influence anchoring of cytosolic factors with cytochrome b 558 (Fig. 4) phox . This is also in agreement with the reported no inhibition of the NADPH oxidase activity elicited in a cell-free system by a synthetic polypeptide (amino acids 329 -350) that included His-338 (47) .
Therefore, the mutation could be compromising cytochrome b 558 as to 1) integrity of redox centers in FAD and possibly heme bindings and 2) stability of the gp91 phox molecule itself. The evidences are favorable to the interpretation that the patient's gp91 phox is severely damaged in the redox function, primarily for inability of binding FAD. Subtracting X91 0 background, FAD was negligible in IY's membranes and quantitatively lower than heme (Table IV) . The Soret absorption observed in IY's neutrophils (Fig. 2, Table II) , as well as in his membranes (Table IV) , indicated presence of more heme than in X91 0 patients. Such heme amounts correlated better with expressed p22
phox than gp91 phox (Fig. 3) . It gives impression 
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phox Leads to FAD Depletionthat in this particular patient, hemes were retained thanks to the presence of p22 phox , perhaps meaning that p22 phox actually participates in ligation of at least one of the hemes in cytochrome b 558 .
On the other hand, neither correction of FAD loss nor functionality of residual hemes could be achieved by reconstitution experiments (Table V) , even by adding reagent FAD and an exogenous reductase to IY's NADPH oxidase. These results suggested three possibilities: 1) according to the flavocytochrome model (27) , gp91
phox , mutated at His-338 in the FADbinding site, is really unable to bind FAD and to utilize it in the catalysis; 2) considering the reconstitution of electron flow between cytochrome b 558 and an exogenous flavoprotein, the mutation prohibits such an interaction; and 3) furthermore, even though not directly interacting with either FAD or heme, it is plausible that this mutation affects the electron flow within involved redox centers. Null INT reduction in Table V indicated lack of a pathway for reducing FAD, thus favoring the first two possibilities.
From these experiments, it can be concluded that the electron flow is completely nonfunctional in this patient. His-338 is located in a motif (HPFT) of gp91 phox (Fig. 5A ) previously ascribed to a ␤-strand in a barrel structure for FAD binding, analogous to FNR (27) . Our data of FAD depletion in the patient's membranes agree with this prediction. In the model, His-338 and Phe-340 of gp91 phox correspond to key residues Arg-93 and Tyr-95 in FNR (19, 27) and are interacting with ribityl and phosphate moieties of FAD. In members of this family, there are at least 19 conserved residues in the FADbinding domain, of which some have side chains located inside and others, outside of the barrel in crystal structures (48), indicated with o, i, and ⌬ in Fig. 5B . However, in the alignment (Fig. 5B) of the FAD-binding domain of gp91 phox (residues 279 -400; Ref. 27 ) with that of FNR, only five of these residues matched with the above 19 amino acids in this domain, of which none had an inside-located side chain. To preserve the barrel structure, it is expected from an evolutionary point of view that residues with their side chain inside should be more tightly conserved than those of outside. Therefore, besides a suggested extracellular localization of this motif in other models (49) , and some incompatibilities to fit gp91 phox in the FNR family as commented in Ref. 1, absence of key F residues, Arg-93, Tyr-95, and Ser-133 of FNR in gp91 phox suggests that the binding of FAD by the HPFT motif remains to be elucidated. However, our data are the first evidence that this motif is no doubt critical for FAD binding.
As being a mutation of a histidine, we wondered about possibilities of His-338 having a direct role in heme binding. This His is also a conserved residue in the yeast ferric reductase, FRE1 protein (17) , to which gp91 phox presents its best-fitting homology. By this mutual high sequence homology, a FRE1-similar bis-heme motif was proposed in gp91 phox , and vice versa, the corresponding H 462 PFT motif in FRE1 was suggested to bind FAD (Ref. 17; see also Fig. 5B ). At least in FRE1, His-462 seems not to be directly involved in heme axial ligation, as an alanine mutant at this position still presented 70% of heme spectrally seen in a wild strain (17) . However, heterodimer formation with p22 phox in cytochrome b 558 may introduce relevant differences with FRE1.
It is intriguing that among the mutations of amino acids in or adjacent to the HPFT motif (Pro-339 to His (50), Thr-341 to Lys (51) , and Leu-342 to Gln (7)) in gp91 phox , which all cause X91 0 phenotype (Fig. 5A) , only this substitution of His-338 by Tyr allowed partial expression of its protein with residual heme. Interestingly, it is reported that Tyr mutants at axial histidines 28, 70, and 113 in Bacillus subtilis cytochrome b 558 , which has 2 hemes with bis-imidazole ligation, still presented heme (52) because phenolate of tyrosine could also serve as an axial ligand for heme. However, these substitutions made the Bacillus cytochrome b 558 unable to interact with its dehydrogenase subunits, flavoprotein and iron sulfur, leading to absence of these subunits in the membranes (52) . Likely, the possibility that His-338 in gp91 phox could serve as an axial ligand for a heme shared between gp91 phox and p22 phox subunits of cytochrome b 558 cannot be completely excluded, because this would explain 1) the high levels of p22 phox (Figs. 1A and 3B); 2) the loss of flavins in membranes (Tables III and IV) , as a consequence of lack of an unknown related flavoprotein; and 3) the reason why the other mutations nearby prevented protein expression, but not particularly that of His-338 to Tyr.
The partial expression of gp91 phox in this patient suggests another possibility that the motif containing His-338 contributes for protein stabilization, maybe through interaction with p22 phox during biosynthesis of cytochrome b 558 . This is supported by the reported expression of immature precursors of gp91 phox together with final matured forms in EBV-transformed B lymphocytes carrying the same mutation (18) . As a proteolytic environment to immature precursor forms is more hostile in neutrophils than in B lymphocytes (53) , it is possible that such precursor forms suffered degradation and could not be detected in Figs. 1A and 3B, justifying low levels of the core protein (Fig. 1C) .
In conclusion, His-338 was shown to be very critical for cytochrome b 558 function, mainly for a proper attachment of FAD in the NADPH oxidase. It remains to be confirmed which one of the aforementioned possibilities is the true cause of this CGD phenotype, but our data support the importance of the HPFT motif of gp91 phox in FAD binding, based on the flavocytochrome model.
